ABSTRACT High-torque-density electrical machines applied to traction operate at a varying torque and speed, and therefore, when minimizing the torque ripple, a wide variety of possible loads must be considered. Different loads need different current vectors, which affect the magnetic state of the machine. Thus, the torque ripple must be analyzed by using appropriate current vectors as it is proposed and described in this paper. The torque ripple values were estimated also for a skewed machine using a new method of torque ripple estimation of a skewed machine. The method is computationally less heavy and allows computing the torque ripple at all possible load points. Using the proposed method in the analysis of the machine parameters, the rotor pole geometry was adjusted to minimize the torque ripple without degradation of the other properties of the machine. Finally, the best machine performance was compared with the measured results.
I. INTRODUCTION
Transport, including passenger vehicles, trucks, and buses, is a major contributor to the global CO 2 emissions. The governments in the EU, China, and US have taken both long-and short-term measures to set new tightening rules and regulations that should motivate vehicle manufacturers to lower CO 2 emissions of the domestic transport [1] .
The long-term perspective in the reduction of CO 2 emissions is transition from traditional internal combustion engine (ICE) drive trains to electric drive trains. There are alternative concepts suitable for electrical propulsion motors, such as the traditional inner rotor induction motor [2] , the outer rotor permanent-magnet-assisted synchronous reluctance motor (PMaSynRM) [3] , the outer rotor PMSM with ferrite magnets [4] , the inner rotor PMaSynRM with ferrite magnets [5] , the synchronous reluctance motor [6] , various novel hybrid PM machine structures [7] , and others based on permanent magnet technology [8] . However, despite numerous motor topologies available in the market along with those analyzed in research papers, the present most common
The associate editor coordinating the review of this manuscript and approving it for publication was Bora Onat. electrical motor type in transport applications is the interior permanent magnet synchronous machine (IPMSM) [9] . This electric motor topology has significant advantages required by transport: high efficiency, high torque density (up to 40 Nm/l and above), capability to achieve high overload torque, and potential to reach an acceptable field weakening performance. However, reaching some other parameters important for transport applications (such as low torque ripple and low noise) often requires a detailed analysis and design optimization of an IPMSM [10] , [11] .
In some cases, it is understood that the major source of torque ripple is related to the behavior of the synchronous inductance of the machine. This inductance is not constant but can vary as a function of current vector angle and amplitude and as a function of rotor position [10] , [12] . Naturally, inductance fluctuation occurs because of core saturation. This is even more evident if the motor is designed to operate at high tangential stresses having local regions in the magnetic circuit that are in a saturated condition. The term 'tangential stress' refers to the Maxwell tangential stress creating the force applied to a surface area in the tangential direction, which basically shows how much force (torque) can be achieved within a certain rotor surface area [13] .
In this paper, a motor having a relatively high tangential stress is designed for a bus propulsion application and analyzed in terms of torque-to-current ratio and torque ripple. A solution for the reduction of torque ripple is proposed. The solution involves variation of the rotor pole shape. However, compared with the traditional pole shape variation technique where the pole shape region under variation is directly facing the air gap [14] , [15] , the proposed technique varies the pole shape region located at a certain distance from the air gap region. The solution helps in reducing the torque ripple, but does not decrease the induced back-EMF and torque-tocurrent ratio, as can be incompatible when using the traditional technique of rotor pole arc variation [16] .
As the motor has a high tangential stress and can be operated at different torque and speed profiles (including the field weakening region), it is important to investigate the torque ripple at these load values. The proposed evaluation technique can estimate the torque ripple in all possible load ranges, and it can also be applied to skewed machines. Therefore, the solution presented in this paper for torque ripple minimization can be analyzed by the proposed evaluating technique at all possible torque and speed values applied.
The paper is organized as follows. Section II provides the main parameters of the machine and its design characteristics including the description of the origin of the torque ripple. Section III introduces the proposed method of analysis of torque ripple as a function of current applied along the d-and q-axes, and by using this method, compares the original rotor pole with the proposed rotor pole design in terms of torque ripple and performance characteristics without skewing. Section IV describes the modification of the method to estimate the torque ripple in a skewed motor structure and compares the characteristics of the original rotor pole with the proposed rotor pole (both skewed). Section V compares the estimated motor performance with the measurements. Torque ripple analysis is not included in the measurement process as the proper torque ripple measurement requires a very complex test bench including a smooth load to the motor, high resolution sensors with a suitable bandwidth, a mechanical design with modeled dynamics, and a method for calibrating the measurement as stated in [17] . The equipment applied in the measurements was not appropriate for the purpose. Section VI concludes the results.
II. TRACTION MACHINE DESIGN SPECIFICATIONS
One of the key technologies that have been used in the machine design for the bus propulsion application is the direct-winding-liquid-cooling (DWLC) system [18] . It has been shown that this technology can be successfully used in electrical machines, as it increases the maximum continuous tangential stress and improves the thermal condition of the critical components in the electrical machine (e.g. winding insulation). A more detailed description of this technology can be found in [18] , [19] . The disadvantage of this approach is that it reduces the flexibility of the armature winding. Thus, it is advisable to use a simple winding structure such as a fractional slot concentrated non-overlapping winding [20] , which does not have an overlapping end winding, and each coil is wound around only one armature tooth.
However, the fractional slot concentrated non-overlapping winding concept often leads to a large harmonic spectrum of the air gap flux density distribution (including subharmonics) when the machine is loaded [21] . Therefore, an appropriate slot-pole combination should be selected to reduce the losses in the rotor [22] . The rotor does not have as effective cooling as the stator applying the DWLC, and the losses in the rotor should be minimized to prevent excessive temperatures in the permanent magnets (PM). Thus, in order to achieve the minimum rotor losses when applying the fractional slot concentrated non-overlapping winding solution in a three-phase system with a double-layer winding, the number of slots per pole and phase should be q = 0.5 [23] . Based on the traction motor requirements listed in Table 1 (along with its main parameters), an electrical machine was designed combining both the fractional slot concentrated non-overlapping winding structure and q = 0.5. The optimization was carried out based on the algorithm proposed in [13] . A schematic view of the resultant model having the rotor pole shape to obtain the highest possible torque-tocurrent ratio is illustrated in Fig. 1 . The large distance of the magnets from the air gap can be explained by the objective of reducing the effects of armature reaction on the permanent magnet magnetic and thermal conditions. Torque as a function of rotor position when applying different armature currents along the q-axis was computed using the 2D finite element method (FEM) taking into account saturation of the steel; see Fig. 2 . In the figure, also a spectral analysis of high-order harmonics is shown. It can be seen that the amplitude of high-order torque harmonics (especially the 6 th harmonic) varies as a function of current level. Moreover, as it will be discussed in the following section, the torque ripple depends not only on the value of the applied current but also on the current vector angle. The reason for the torque ripple variation in machines with fractional slot concentrated non-overlapping windings (especially having a high tangential stress) is the inevitable occurrence of local saturation in certain positions of the magnetic circuit of the machine. This local saturation leads to inductance variations as a function of rotor position and applied current vector [24] . Further, the inductance variation caused by local saturation is the fundamental reason for torque ripple in fractional slot concentrated non-overlapping winding IPMSMs [25] .
An example of this kind of local saturation at the phase current of 300 A rms (along the q-axis) of the analyzed original IPMSM is shown in Fig. 3 . The figure shows that when the rotor pole faces the stator slot, the flux density in the corner of the rotor pole and in the corner of the stator tooth (toward which the rotor is moving in the motoring mode) are getting saturated. This leads to variation in the synchronous inductance, and as a result, to torque ripple variation. In order to investigate the torque ripple variation at different loads (different current values and current vector angles), the analysis proposed below has to be applied.
III. TORQUE RIPPLE ANALYSIS AND ROTOR POLE ADJUSTMENT FOR TORQUE RIPPLE REDUCTION
It is possible to use a similar method to inductance evaluation along the d-and q-axes as it is described in [24] for investigation of torque ripple at different loads. An example of the resultant inductance of the analyzed IPMSM obtained by the method described in [24] is shown in Fig. 4 . In order to produce an inductance map, 21 points along the d-axis and 21 points along the q-axis were applied in the current supply. After this, the results were interpolated to get smoother curves. Further, along 1/6 of the electrical cycle (which equals the periodicity of the lowest torque ripple harmonic), eleven points of the rotor position having all the current combinations were evaluated. As it was discussed above, the synchronous inductance varies when the rotor pole position changes [24] . Therefore, in order to get the actual value of the inductance that has a direct influence on the generated torque, the average value of the inductance over all the computed rotor position points is needed.
To evaluate the average synchronous inductance of the IPMSM, its magnetic behavior was computed at eleven distinct rotor positions using the 2D FEM. In all these eleven points, the resultant torque was calculated by using all the current vector combinations to estimate the torque ripple map, torque component) [26] . However, the torque values shown below are derived directly from the 2D FEM.
Speaking of the torque ripple estimation approach, it can be described as an extra output parameter (along with the average synchronous inductance) when applying different d-and q-axis currents and having eleven time steps (per one torque ripple repeating sequence) at each current point. Finding the lowest and highest torque values within eleven time steps at one particular current point yields the peak-to-peak torque value at this particular current point. Having these values at all possible current vector variations (current points) completes the torque ripple map shown in Fig. 5 . The figure shows that the torque ripple value depends significantly on the load (current vector) and can reach an undesirable torque ripple level at particular loads.
As it was discussed in the previous section and shown in Fig. 3 , one of the reasons for the torque ripple and its variation in different load conditions is the local saturation in different parts of the magnetic circuit (e.g. in the stator tooth corner and the rotor pole corner). In order to reduce this saturation, it is possible to adjust the rotor pole geometry so that its corner is smoothed and it has a narrower total rotor pole width facing the air gap. However, this leads to a smaller back-EMF, and as a result, a smaller torque-to-current ratio [16] . Another method to reduce the torque ripple, as proposed in this paper, is to adjust the rotor pole shape so that it does not reduce the total useful air-gap flux produced by the PMs yet affects the local saturation phenomenon, which changes the torque ripple values in different load conditions.
In particular, the original rotor pole shape can be redesigned to the one shown in Fig. 6 where the rotor pole has extra cuts at the corners not facing the air gap. The cuts in the rotor pole should be made so that there is no saturation along the main PM flux path when the rotor pole faces the stator tooth, for example as shown in Fig. 7 (a) . In Fig. 6 , a schematic view of the magnetic flux flow (generated by the PMs and the armature reaction) is shown. The saturated region is found in the rotor pole corner where the magnetic fluxes generated by the armature reaction and the PMs coincide. By modifying this region (e.g. by the proposed cuts), it is possible to adjust this region to reduce the q-axis armature reaction and the torque ripple values.
The first difference that this type of a rotor pole modification provides is the reduced q-axis inductance because of the stronger saturation in the modified rotor pole corner, caused by an interaction of the PM flux and the armature flux. The cuts reduce the pole iron area where the magnetic flux can run, making a lower q-axis flux to run through it. This leads to a situation where the total magnetic flux at a certain load (comprising the PM flux and the armature reaction flux) in the modified rotor pole case is smaller than in the original rotor pole, and as a result, a lower demagnetization current (along the d-axis) has to be applied to reach a certain speed and torque as can be seen in Table 2 . The table gives the demagnetization currents for both rotor pole cases at different load points. The speed values were estimated together with the synchronous inductance estimation, when the flux linkage vector (having a phase voltage of 230 V rms ) and the electrical frequency are obtained by equations described in [24] . The torque values were directly derived from the 2D FEM at the same current points that were used for the synchronous inductance evaluation.
Based on [27] (where the IPMSM with q = 0.5 was analyzed), having a higher demagnetization current leads to higher torque ripple values. This is shown by the simulation results in Fig. 5 . Therefore, the modified rotor pole arrangement should already have a smaller torque ripple than the traditional rotor pole at higher speeds because of the lower demagnetization current applied to achieve this speed. However, in addition, the proposed rotor pole modification generates less torque ripple yet having the same current, as will be discussed in the following.
In Fig. 7 (a) , where the rotor pole faces the stator tooth and the flux is produced solely by the PMs (having phase current along the q-axis) there are no saturated regions. Thus, the flux produced by the PMs has approximately the same value, which leads to the same torque-to-current ratio. When the rotor pole faces the stator slot, saturation takes place, appearing to be similar to that of the original rotor pole. However, in fact, because of the cuts in the rotor pole, the torque ripple generated by these local saturated regions is different from the original design. The effect of rotor pole corner saturation when the pole faces the stator slot is similar to the original rotor pole shown in Fig. 3 . However, apart from making the q-axis armature reaction smaller because of the smaller iron area (through which the q-axis flux can run freely), the proposed cuts affect the relation between the corner saturation and the torque ripple. The ratio of the torque ripple values of the IPMSM having the original rotor poles to the one with the modified rotor poles is shown in Fig. 8 . It can be seen that at certain load points (Points 1, 2, and 3 represent the load having a torque of 1300 Nm and speeds of 1500, 1800, and 2100 rpm, respectively), the torque ripple can be reduced to 40-60% of the original design. However, at no load (Point 4), the cogging torque increases by 15% after the modification.
It is emphasized, however, that the torque ripple is not necessarily always reduced when these cuts are applied, but it is rather a trial and error method to adjust the cuts so that the final torque ripple is reduced. It is difficult to derive any particular rule or guidelines for the cuts required for torque ripple minimization (except that any extra saturated regions should be avoided), because there can be several sources of torque ripple in IPMSMs even if only the magnetic circuit is analyzed [10] , and as a result, these cuts can only FIGURE 8. Ratio of the peak-to-peak torque ripple generated in the IPMSM having the modified rotor pole to the peak-to-peak torque ripple generated in the IPMSM having the original rotor pole (shown in Fig. 5 ) T mod.p−p /T orig.p−p as a function of current applied along the d-and q-axis. 2D FEM.
reduce torque ripple value or shift the torque ripple phase (generated by this local saturated region) so that it cancels a part of the torque ripple generated by another source of torque ripple. Furthermore, this phenomenon is valid only for fractional slot concentrated non-overlapping winding topologies, because in integer slot distributed winding topologies the stator side can be considered a rather homogeneous structure generating a low amount of current linkage harmonics, leading to a situation where the flux density at a certain point of the rotor pole does not change (which is also the reason for much smaller PM losses in the IPMSMs with integer slot distributed winding topologies). It is important to understand that the performance characteristics (back-EMF, rated torque, and maximum torque) remained almost unchanged, covering all the changes within 1-2% as can be seen in Table 3 . Therefore, based on the results shown in Fig. 8 , it can be concluded that by properly modifying the rotor pole shape, even if the modification region does not directly face the air gap, it is possible to find a solution that produces lower torque ripple values yet without degrading the main performance characteristics. However, besides the main performance characteristics, other machine properties, such as iron losses, are affected by the proposed modification. Iron losses at different loads in the original and modified rotor poles are given in Table 3 . It can be seen that after the proposed rotor pole modification, the iron losses are reduced up to 8% in the stator and up to 12% in the rotor. The reason for this is the lower q-axis inductance in the modified rotor pole when the machine is loaded, which is due to the limited flux-conducting area along the q-axis.
IV. TORQUE RIPPLE ANALYSIS OF THE ORIGINAL ROTOR POLE AND THE MODIFIED ROTOR POLE APPLYING CONTINUOUS SKEWING
The method of the proper rotor pole geometry adjustment discussed in the previous section can be successfully applied to the reduction of the torque ripple without affecting other performance characteristics of the IPMSM. It does not, however, completely eliminate the torque ripple (it even increased the cogging torque by 15%). Therefore, in order to keep the torque ripple at an acceptable level, it was decided to apply continuous skewing having a pitch of 60 electrical degrees in order to also eliminate the 6 th harmonic of the torque ripple.
Nevertheless, even a continuous skewing with a proper pitch angle does not completely eliminate the torque ripple because of the variation in the torque ripple phase and amplitude along the axial length [28] . This can be explained by the fact that different parts of the rotor along the axial length will operate under different current vectors, and as it was shown in Fig. 5 , application of different current vectors would result in different peak-to-peak torque levels. This leads to a situation where the torque ripple values generated along the skewed axial length do not completely eliminate each other, because they have different amplitudes and different phases. To analyze the torque ripple in a skewed structure it is possible to use a methodology similar to the one presented in the previous section but with certain modifications. The principle of modifications is described in the following. When the torque ripple was estimated for a nonskewed IPMSM for a particular current vector, the current vector was uniform for the whole machine. However, in a skewed IPMSM, the current vector applied in the middle of the axial length is not the same as at the two ends of the machine as can be seen in Fig. 9 . For example, if the total applied current vector is along the q-axis, then the current vector in the middle of the axial length matches the total applied current vector, whereas the current vectors at the ends of the skewed machine (with a skewing angle of 60 • s) deviate by 30 • .
The proposed methodology identifies the correct torque ripple of the skewed IPMSM by splitting the IPMSM along the axial length and applying the actual current vector (taking into account the skewing angle) to each part (slice) of the machine and then combining the torque values generated in different split parts together. The precision of the current vector applied to each slice is determined by the number of current points along the d-and q-axes, and the number of slices is determined by the number of time steps per one repeating sequence of the torque ripple (which is usually 60 electrical degrees). Fig. 10 illustrates an example of the estimation of the torque value at current vector point P1 of the skewed machine with a skewing angle of 60 electrical degrees. In the figure, each small square of the grid represents the division of current values along the d-and qaxes (comprising the total current matrix). With a skewing angle of 60 electrical degrees, it is necessary to apply all the current points closest to the circle periphery (with the radius of the current vector amplitude and an angle that equals the skewing angle) in the total torque value estimation. In addition to applying different current points, each slice would have different rotor positions. However, the torque values in these positions when applying different current vectors is already known, because, as it was mentioned above, there were eleven time steps (within 60 electrical degrees) applied at each current point. This provides an opportunity to split the circle periphery into eleven regions applying a certain rotor position to each region. Finally, in order to estimate the torque value as a function of rotor position at a certain current vector (e.g. P1), these eleven regions (representing the positions of each slice) shift one step towards the direction of the rotor movement as it is shown in Fig. 10 . As a result, there would be eleven torque values within one repeating torque ripple sequence representing the actual torque of a skewed machine as a function of rotor position.
The proposed method provides an opportunity to analyze the torque quality of the electrical machine at different loads avoiding using the use of computationally heavy 3D analysis or skewed models (integrated in some commercial FEM software). As a result of applying the proposed method in the analyzed IPMSM having the original rotor pole and the modified rotor pole, the peak-to-peak torque ripple map as a function of current vector angle δ (relative to the q-axis) and the current vector amplitude is shown in Fig. 11 . For verification, two points in the peak-to-peak torque ripple map, Fig. 11 , were highlighted. The torque curves in these points were compared with the torque curves of the skewed numerical model (having six slices in the model) and shown as a function of rotor position in Fig. 12 ; the differences between the values are within an acceptable range. The maximum deviation of the peak-to-peak torque estimated by the proposed method and by the FEM skewed model is within 7%, which can be explained by the relatively low number of computation steps over a full period of the lowest torque ripple harmonic (eleven points within the period of the 6 th harmonic). Having a higher number of rotor position steps would inevitably increase the computation time as all the current points along the d-and q-axes are estimated at each rotor position step. Therefore, a reasonably low number of rotor position steps should be applied (e.g. eleven).
As can be seen in Fig. 11 , the proposed rotor pole modification is not that effective compared with the original pole design if the machine is skewed. Even at some loads, the modified rotor pole leads to higher torque ripple (e.g. at point 1 with the maximum peak phase current without field weakening). The reason for this is the fact that in a skewed machine it is more important to have a small torque ripple difference (amplitude and phase) between different slices of the motor (which are subjected to different magnetic fields) in order to eliminate the torque ripple generated by different slices. However, a detailed analysis and optimization of the rotor pole to achieve such a condition is out of the scope of this paper. 
V. VERIFICATION OF THE ESTIMATED RESULTS WITH THE MEASUREMENTS
The designed IPMSM was manufactured having a DWLC stator topology, and measurements were made focusing on the analysis of the thermal performance of such a topology (i.e., temperature rise applying different loads). In addition, there was not a proper equipment available to test the torque ripple over the rotor position [17] , but only the average torque applying various phase currents could be estimated.
The rotor of the prototype has the same geometry as the modified rotor pole model (Fig. 7) , and it is shown in Fig. 13 (a) . Owing to the presence of PMs in the rotor, it was difficult to make a continuous skewing on the rotor side [29] . Therefore, a skewing of 60 electrical degrees was made on the stator side as it is shown in Fig. 13 (b) .
A schematic view of the test setup is shown in Fig. 14 (a) and a photograph of the test bench in Fig. 14 (b) . By applying different torque references to the frequency converter, the supply current and the supply voltage were measured (using a Yokogawa power analyzer) along with the torque and speed measurements (using a torque transducer). The measured points were compared with the estimated results (applying by the proposed method); a comparison of the results is shown in Fig. 15 and presented in Table 4 . The measured torque for Points 1 and 2 are larger than the estimated torque, whereas for Points 3 to 5 the measured torque is lower. Table 4 . This can be explained by not perfect FEM simulation environment that always comprise certain level of assumptions such as possible different PM temperature in the measured motor than it is applied in the FEM simulation (80 • C) leading to higher or lower remanent flux density in the magnets. Further, slight difference in actual BH -curve of the electromagnetic steel used in the measured motor compared to BH -curve applied in FEM model might take place. Additionally, during laser cutting of the stator and rotor lamination there could be a certain layer of the material along the cutting edge with worse magnetic properties.
VI. CONCLUSION
The method proposed to estimate the torque ripple values of a skewed machine with all the applied loads was shown to exhibit a precision similar to the traditional FEM skewed model, which is computationally heavier than the proposed method. The approach for the torque ripple minimization (modification of the rotor pole geometry at a certain distance from the air gap) can be quite effective in nonskewed machines, providing lower torque ripple in all possible load conditions. On the other hand, it is not so effective in skewed cases, where it is more important to achieve a small torque ripple difference (including their phase) by applying different current vectors, because this difference is the reason for the resultant torque ripple in a skewed machine.
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